We propose a no-reference sharpness metric that employs the concept of inherent sharpness. It provides a perceptual sharpness score based on wavelet coefficients.
start and end points of an edge. In [3] , a blur metric was proposed based on kurtosis, which is a statistical measure of the flatness of a distribution. In [4] , a sharpness metric based on a local kurtosis of edge profiles was proposed by Caviedes et al. Ferzli and Karam [5] employed the concept of "just noticeable blur" (JNB) to determine noticeable edges. The metric integrated measured JNBs and probability summation model with local edge features to evaluate the perceived sharpness.
Proposed sharpness metric:
The proposed no-reference sharpness metric employs the concept of inherent sharpness (InS) and generates a perceived sharpness score based on wavelet coefficients. In an image, high frequencies carry information about fine details while low frequencies contain information about large features. The Human visual system (HVS) considers an image containing higher frequencies to be a sharper image owing to the presence of fine details. Yet, the degree of perceived sharpness is affected not only by the total amount of high-frequency components, but also by the content of an image, such as brightness, color, and spatial activity.
In order to study the response of the HVS to sharpness in images containing different spatial activities, we performed subjective experiments and determined a relationship between the high frequencies in the image and the perceived sharpness of the image for different spatial activity levels. To obtain test images containing different spatial activities, 6 original images were selected from LIVE image DB [6] and were cropped into smaller images. Three of the images had low spatial activity while the others had comparatively high spatial activity. The cropped images were blurred by a 7x7
Gaussian filter with standard deviations of 0.5, 1.0, 1.5, 2.0, and 2.5, respectively. In total, 18 low spatial activity images and 18 high spatial activity images were used for the experiments. The results of analysis are shown in Fig. 1 , which presents the relationship between the high frequencies (HF) and the Mean Opinion Score (MOS) of perceived sharpness for images with different spatial activities. The HF values represent the power of the normalized high frequency elements that have been highpass filtered with a cut-off frequency of π/8. As shown in Fig. 1 , perceived sharpness increased as a function of HF for both low and high spatial activities. However, images containing equal HF but different spatial activities give different perceived sharpness. From this result, we conclude that the amount of HF required to increase perceived sharpness is relatively proportional to the spatial activity. Accordingly, we define the spatial activity as the InS and use it to estimate the perceived sharpness of the image. The InS is computed by the average value of the morphological gradients as follows: The diagonal wavelet coefficients can be computed as follows: To obtain subjective perceived sharpness scores of the test images, subjective tests were conducted according to ITU-R 500 recommendations [7] . In the experiments, ten subjects graded each image based on the perceived sharpness using a continuous scale, and the final grade of perceived sharpness for each image was computed by averaging the grades.
To evaluate the proposed metric's performance, we used the Pearson correlation between the MOS and the metric's scores. The proposed sharpness metric was compared with the five existing sharpness or blurriness metrics based on DCT [1] , edge-width [2] , kurtosis [3] , edge profile local kurtosis [4] , and JNB [5] . To analyze the performances of these metrics more consistently, MOS blur = 100 -MOS was used as the subjective blur value instead of the originally obtained MOS because this MOS represents perceived sharpness, not blurriness. The correlation value between the MOS and the proposed metric's score, as well as the values from five other metrics, are presented in Table 1 . For all of the metrics, the obtained correlations were above 0.9 and were therefore highly correlated to the subjective evaluations for same scenes. The performance of existing metrics decreased, however, for the Gaussian, linear motion, and JPEG-2000 blurred images, in which both the scene characteristics and the rate of blur were varied but the type of blur distortion remained fixed. Especially, edge information based metrics [2] [4] [5] give poor performance due to lack of edges in images over-blurred and with low spatial activity.
Admittedly, the correlation of the proposed sharpness metric also decreased when compared to that of the same scene value, but it still showed higher correlations than 
